Fischer-Tropsch synthesis is a part of Gas-to Liquids (GTL), Biomass-to-Liquids (BTL) and Coal to Liquids (CTL) technologies, which produce alternatives clean fuels from natural gas, biomass and coal. The catalytic performance of cobalt catalysts in Fischer-Tropsch synthesis strongly depends on the size of cobalt particles in nanoscale range (6-30 nm). Cobalt catalysts are usually prepared via incipient wetness impregnation using cobalt salts (cobalt precursors). Catalyst preparation involves several important steps. The paper shows that decomposition of cobalt precursors is often a crucial step in the catalyst design; slower rate of decomposition of cobalt precursors favors smaller size of cobalt particles, higher cobalt dispersion and enhances catalytic performance in Fischer-Tropsch synthesis.
INTRODUCTION
Fischer-Tropsch (FT) synthesis is a catalytic reaction [1] [2] [3] [4] which converts mixtures of hydrogen and carbon monoxide (also called syngas) into liquid hydrocarbons and water:
nCO + (2n + 1)H 2 → C n H 2n+2 + nH 2 O nCO + 2nH 2 → C n H 2n + nH 2 O FT synthesis is an integral part of Gas-to Liquids (GTL), Biomass-to-Liquids (BTL) and Coal to Liquids (CTL) technologies [5] . In these technologies the syngas is generated respectively from natural gas, biomass and coal. Then the syngas reacts on cobalt or iron catalysts to yield a wide range of gaseous, liquid and solid hydrocarbons. Several industrial projects involving FT synthesis have been realized recently (Bitulu in Malasia, Oryx in Qatar) or are currently under construction (Pearl in Qatar, Escravos in Nigeria). The world consumption of crude oil in 2015 can be estimated as 20 millions barrels per day. If all GTL projects would have been realized by that time, the total GTL capacity might reach about 600 000 bpd that only 3% of total crude oil consumption.
Because of higher stability, higher per single pass conversion (up to 60-70 %), higher productivity, smaller negative effect of water on conversion, higher resistance to attrition in slurry bubble column reactors, cobalt supported catalysts [2, 6, 7] embody the optimal choice for synthesis of middle distillates and waxes. In the cobalt catalysts, the reaction proceeds on metal nanoparticles of 6-30 nm diameters [2, [8] [9] [10] Cobalt particles smaller than 6 nm usually exhibit poor catalytic performance in FT synthesis [11] [12] [13] .
Iglesia [8, 10, 14] et al have shown that FT reaction rate strongly depends on the number of cobalt metal surface sites. Higher density of cobalt metal surface sites usually results in higher catalytic activity. The number of metal sites in cobalt catalysts is strongly affected by metal nanoparticle size, cobalt reducibility and cobalt metal nanoparticle stability. Thus, the control of cobalt nanoparticle size, structure and * Electronic address: andrei.khodakov@univ-lille1.fr proprieties appears to be vital in the design of efficient FT catalysts. Preparation of cobalt supported FT catalysts usually involves several important stages [2]: (i) modification and stabilization of catalyst support, (ii) deposition of cobalt and promoters on the support, (iii) decomposition of cobalt precursor and catalyst calcination, (iv) reducing pretreatments and catalyst passivation, (v) catalyst activation during the reactor start-up and on-stream during FT reaction. . .
While the structure of the final cobalt FT catalysts is a result of the whole preparation procedure, decomposition of cobalt precursor seems to be an essential step in the catalyst design which often determines the overall catalytic performance. The present paper focuses on the role of controlled decomposition of cobalt precursors in attaining optimal cobalt particle size and enhancing catalytic performance in FT synthesis. In this paper we present an overview of the data obtained for the catalysts prepared using incipient wetness impregnation.
STRUCTURE OF COBALT SPECIES IN IMPREGNATED CATALYSTS
In the incipient impregnation method of catalyst preparation, a solution of cobalt salt, typically cobalt nitrate is contacted with a dry porous support. After being contacted, the solution is absorbed by the capillary forces inside the pores of the support. The incipient wetness occurs when all pores of the support are filled with the liquid and there is no excess moisture, over and above the liquid required to fill the pores. Our previous works [15, 16] have shown that cobalt deposition on silica or alumina using aqueous incipient wetness impregnation with cobalt nitrate results in formation of mononuclear cobalt complexes. Figure 1 displays data obtained by Xray absorption spectroscopy for impregnated and dried cobalt alumina and silica supported catalysts. The XANES spectra and EXAFS Fourier transform moduli of the impregnated and dried catalysts are rather similar to those of cobalt nitrate. Thus, similarly to aqueous solution of cobalt nitrate, cobalt has octahedral coordination in the complexes deposited on silica or alumina surface via impregnation.
Cobalt repartition in silica supported catalyst during impregnation at different pH was characterized by XPS [15] . The XPS spectra revealed the presence of Co 2+ ions on the surface of impregnated and dried catalysts. The I Co /I Si ratio of the XPS intensities provides information about repartition of cobalt ions on silica surface after drying. Higher I Co /I Si ratios are characteristic of higher cobalt dispersion in the dried cobalt catalysts, while lower I Co /I Si ratio indicates formation of cobalt agglomerates and lower cobalt dispersion [2, 17, 18] . Figure 2 displays the relation between the I Co /I Si ratio and pH of the impregnating solutions. The observed increase in cobalt dispersion (higher I Co /I Si ratio) with pH is attributed to different interaction with Co 2+ ions and silica surface. The point of zero charge (PZC) of silica is situated at pH = 3 [19] . At pH higher than the PZC, silica surface is negatively charged and there is some attraction between cobalt ions and surface; higher I Co /I Si ratios are observed. XPS shows that repartition of cobalt ions on the surface is getting more uniform with increase in pH value. At pH low than silica PZC, the surface is charged positively and Co 2+ ions are repulsed from the silica surface. This results in nonuniform cobalt repartition and lower cobalt dispersion. This explains why cobalt dispersion in the impregnated and dried cobalt catalysts is largely affected by pH of the impregnating solution. Our previous studies have shown [15] that the presence of small amounts of ions of promoting noble metals and sucrose did not much affect the repartition of cobalt in impregnated and dried samples. It can be suggested that Reprinted from [15] with permission from Elsevier.
in impregnated and dried catalysts, cobalt ions are principally linked to the support surface via electrostatic force. The repartition of cobalt in the impregnated and dried catalysts seems to be very unstable and could significantly evolve during further catalyst preparation steps.
DECOMPOSITION OF COBALT PRECURSOR, A KEY TO BETTER COBALT DISPERSION
Decomposition of supported cobalt nitrate complexes is typically a next step (after support stabilization, impregnation and drying) in the design of cobalt catalysts. Decomposition of cobalt precursor usually results in formation of cobalt oxide species which can be converted to the active cobalt metal phases via reduction with hydrogen. Decomposition of cobalt precursor could also yield barely reducible cobalt support mixed compounds which do not have active sites for FT synthesis.
Below we discuss the parameters of cobalt precursor decomposition which are susceptible to affect the structure of final catalysts and catalytic performance. Analysis of the available literature suggests that decomposition of cobalt precursor at milder conditions generally leads to higher cobalt dispersion. The suggestion about positive effect of slower decomposition of cobalt precursor on cobalt dispersion and catalytic performance is consistent with the earlier data of Van de Loosdrecht [20] et al who observed the beneficial effect of slower temperature ramping rate and higher space velocity during calcination on cobalt dispersion and number of active sites. De Jong [21, 22] et al used NO/He mixture to decompose metal nitrate in cobalt and nickel supported catalysts. It was shown that the presence of NO slowed down the rate of cobalt nitrate decomposition and enhanced cobalt dispersion. Borg [23] et al showed that lower calcination temperatures and efficient removal of the precursor decomposition products (NO, NO 2 , H 2 O) enhance cobalt dispersion. Higher flow rate resulted in 30% higher FT activity per gram of catalyst.
The rate of decomposition of cobalt precursors could be possibly dependent on the following factors: temperature of decomposition, space gas velocity during decomposition, extermicitiy of cobalt precursor decomposition, catalyst sup- port and catalyst promotion, use of unconventional techniques such as glow discharge plasma method...
Our previous reports [24, 25] have shown that decomposition of cobalt precursors at lower temperatures resulted in slower decomposition of cobalt nitrate and leads to smaller cobalt particles. Figure 3 shows the sizes of Co 3 O 4 crystallites as a function of the temperature of cobalt nitrate decomposition. Smaller cobalt particles and respectively higher cobalt dispersion were observed when cobalt nitrate was decomposed at lower temperatures. Low catalyst calcination temperature also hinders sintering of cobalt oxide particles.
Exothermicity of decomposition of cobalt precursor is another important parameter which affects the genesis of small cobalt nanoparticles. Significant exothermic effect leads to uncontrolled high rate of decomposition of cobalt precursors and could favor formation of cobalt-support mixed compounds (such as cobalt silicate). Cobalt support mixed compounds do not produce active phases for FT synthesis. In previous report [25] a series of cobalt silica supported catalysts was prepared using impregnation with cobalt acetate. The decomposition of cobalt acetate in these catalysts was studied using differential calorimetry combined with thermogravimetric analysis. Decomposition of cobalt acetate in air resulted in a weight loss which was accompanied by a significant exothermic effect (Figure 4 ). Higher concentration of α-orthorhombic cobalt silicate was detected in the catalysts prepared via rapid and highly exothermic decomposition of cobalt acetate. In agreement with these results, Mochizuki [26] et al have shown that rapid temperature ramp (above 1.0 K min −1 ) during catalyst calcinations favors formation of irreducible α − Co 2 SiO 4 -like species when cobalt silica supported catalysts are prepared with addition of -1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid. The catalysts had poor activity in FT synthesis. It has been also shown that the concentration of cobalt silicate can be reduced by conducting decomposition of the organic compounds more slowly.
Decomposition of cobalt precursor is also affected by the catalyst support. The influence of the support on cobalt precursor decomposition can involve several phenomena. First, the catalyst support can affect the rate of cobalt oxide nucleation and growth during cobalt precursor decomposition. Secondly, cobalt oxide produced during decomposition of cobalt precursor can react with the support yielding cobalt- . In addition, Puskas [27] et al suggested that the catalyst structure could be affected by migration of SiO 2 in cobalt silica supported catalysts during cobalt nitrate decomposition and thermal pretreatments.
The interaction between cobalt oxide and support is particularly pronounced with cobalt alumina supported catalysts. A series of cobalt alumina supported catalysts was prepared using decomposition of cobalt nitrate at different temperatures [16] . The size of Co 3 O 4 crystallites in these catalysts measured using XRD was almost identical (d Co3O4 = 9 − 10 nm). It is known that trivalent cobalt and aluminum have rather similar Pauling's ionic radii (0.063 nm for Co 3+ and 0.054 nm for Al 3+ ). Co 3+ of Co 3 O 4 can be gradually replaced [28] by Al 3+ to produce the series of Co 3−s Al s O 4 (0 < s < 2) spinels. These series include [29, 30] Figure 5 shows the temperature-programmed reduction profiles obtained for a series of cobalt alumina supported catalysts which were calcined at different temperatures. As expected, higher catalyst calcination temperature and consequently incorporation of Al 3+ ion in Co 3 O 4 crystallites resulted in higher temperatures of cobalt reduction.
Decomposition of cobalt precursor can be affected by the presence of promoters. It was found [25] that the presence of ruthenium nitrosyl nitrate in cobalt silica supported catalyst prepared from cobalt acetate influenced the kinetics of cobalt precursor decomposition. It was shown that cobalt acetate could be decomposed at slightly lower temperatures in the cobalt catalysts promoted with ruthenium than in monometallic cobalt counterparts. In addition, the presence of promotes affects crystallization of cobalt oxide species. Decomposition of cobalt nitrate in the presence of noble metals leads to smaller crystallites of cobalt oxide in silica supported catalysts than those obtained in unpromoted counterparts [15, 31] . One of the reasons responsible for higher cobalt dispersion in the catalysts promoted with noble metals could be related to a higher concentration of cobalt oxide nucleation and crystallization sites. Crystallization of cobalt oxide can occur on the sites associated with the noble metal promoters. Higher concentration of crystallization sites at the similar cobalt con-FIG. 5: TPR profiles of monometallic cobalt alumina supported catalysts calcined at different temperatures (5% H 2 /Ar mixture, ramping rate 3 K/min). Reprinted from [16] with permission from Elsevier.
tent would result in larger number of cobalt particles and consequently higher cobalt dispersion in the catalysts. Higher cobalt dispersion in silica supported catalysts promoted with noble metals was one of the reasons responsible of their higher catalytic activity in FT synthesis.
Cobalt precursor in supported FT catalysts could be also decomposed using glow discharge (luminous) plasma. The glow discharge is obtained by applying a potential difference between two electrodes placed in gas. The glow discharge plasma has been used previously [32] [33] [34] [35] for preparation of several active metal supported catalysts. Our recent report [36] has shown that a more gentle decomposition of cobalt nitrate in the glow discharge which proceeds at temperatures much lower than a conventional calcination, results in the enhancement of cobalt dispersion. It has been shown that decomposition of cobalt nitrate in alumina supported catalysts using nitrogen and hydrogen glow discharge plasma results in very small cobalt oxide particles. The reduction of these particles produces small cobalt metal particles. Figure 6 displays a dependence of magnetization on the magnetic field (field dependence curve) measured for cobalt alumina supported catalyst reduced at 673 K in hydrogen which was prepared using glow discharge plasma. The observed absence of hysteresis loop is characteristic of cobalt metal superparamagnetic particles which size is smaller than 7 nm at ambient conditions [37] . Cobalt catalysts which contained small superparamagnetic cobalt metal particles, exhibited higher activity in FT synthesis than their counterparts prepared using conventional calcinations [36] .
CONCLUSION
Decomposition of cobalt precursors appears to be a key step in preparation of cobalt supported catalysts for FT synthesis. It is commonly observed that decomposition of cobalt precursors at milder conditions leads to smaller sizes of cobalt particles and enhances catalytic performance in FT synthesis.
Cobalt precursors in the supported catalysts are usually decomposed by calcination in a flow of air. High space velocity, slower temperature ramp, lower temperature usually results in smaller cobalt particle size and reduces the fraction of hardly reducible cobalt-support mixed compounds. High temperature calcination of catalysts obtained via low temperature decomposition of cobalt precursors should be avoided since it could lead to particle sintering and formation of cobalt support mixed compounds. Decomposition of cobalt precursors seems to be also affected by nature of support and presence of catalyst promoters. Cobalt precursors which decompose with release of significant amounts of heat, i.e. cobalt acetate, produce significant amounts of barely reducible cobalt-support mixed compounds. Gentle decomposition of cobalt precursor in glow discharge plasma seems to be a promising method to enhance cobalt dispersion.
